The kinetics of CO binding to the horse myoglobin fragment Mb-(32-139), the so-called "mini-Mb," were investigated by laser flash photolysis in 0.1 M phosphate buffer and in buffer with 75% (vol/vol) glycerol. The reaction displays complex time courses that can be approximated satisfactorily only with a sum of five exponentials. The features of the kinetic components and a comparison of the deoxy-minuscarbonyl difference spectra of mini-Mb and horse Mb obtained under equilibrium conditions, with the kinetic difference spectra resulting from the global analysis of the traces recorded between 400 and 450 nm, show that CO binding to mini-Mb is accompanied by large structural changes. In view of the fact that mini-Mb is an approximation ofthe Mb-(31-105) fragment encoded by the central exon of the Mb gene, this finding is particularly relevant. On the basis of our data and previous reports
tion.
Dynamic fluctuations are of vital importance for proteins because they guarantee the exchange of ligand or substrate molecules, or both, between the solvent and the active site (1) as well as allosteric transitions or large-scale motions such as those occurring in pore-forming proteins (2) . Interesting open questions concern the correlation between structural and dynamic features and the role played by the various domains of a globular protein in determining its dynamic behavior. These questions are closely related to another one-i.e., what is the role of dynamic fluctuations in determining the functional properties of a given protein. An original approach to investigate these fundamental aspects of protein structure and dynamics is to see if the domain encoded by the central exon of the myoglobin (Mb) gene, which consists of three exons and two long introns (3) , behaves dynamically like the parent protein or if it displays peculiar properties. An answer to this question is also necessary to better understand why there are three exons in the genes encoding Mb and the hemoglobin (Hb) chains (4) (5) (6) (7) .
Mini-Mb is a proteolytic fragment of horse-heart Mb comprising residues 32-139 [Mb-(32-139); refs. 8 and 9] and represents an acceptable approximation of the domain encoded by the central exon of the Mb gene. ¶ Mini-Mb resembles the native protein functionally (8, 9) , even though the stability of its oxygenated derivative is drastically reduced (10) . Given the similarity in the three-dimensional folding of Mb and Hb subunits (11) and in the exon-intron structure of the genes encoding for these proteins, 11 mini-Mb serves as a model ofgeneral validity. The central exons ofthe Mb and Hb chain genes code for the domain that provides the hydrophobic crevice where heme is bound, and the role proposed for the C-and N-terminal fragments is to optimize the fit between crevice and prosthetic group (6, 7, 12) .
To gain insight on the dynamic behavior of the central Mb core, we have investigated by flash photolysis the CO binding kinetics to mini-Mb under various experimental conditions.
MATERIALS AND METHODS
Horse heart Mb and bovine hemin were purchased from Sigma. Purity was checked respectively by isoelectric focusing (13) and by the pyridine-hemochromogen method (ref. 14 Mini-Mb was prepared as described (8, 9) except for the reconstitution with heme, which was done in the presence of cyanide to increase the stability of the product (9) .
For flash-photolysis measurements, horse Mb or freshly reconstituted mini-Mb were diluted with either phosphate buffer alone or with a phosphate buffer/glycerol mixture that had been preequilibrated with CO and contained trace amounts of sodium dithionite. Final concentrations were ca. in a CF1204 cryostat equipped with an ITC-4 temperature controller (Oxford). CO binding after photolysis was measured in the 400 to 450-nm region by using the instrumentation and procedure described elsewhere (16, 17) .
Mini-Mb and horse-Mb concentrations were determined spectrophotometrically in the reduced CO form on the basis of extinction coefficients at the Soret maximum of 150 A'mM-1cm-1 (9) and 207 A-mM-1cm-1 (ref. 14, p. 19), respectively, with 0.1 M phosphate buffer (pH 7) as solvent.
The analysis of the experimental data was performed by a global least-squares-fitting procedure as described (16, 17) . For the kinetic measurements on mini-Mb, a multiexponential function of the type AA(T, t) = AAi exp{-ko,.exp[-Hj/(R.T)].t} [1] was used in which R is the gas constant, T and t are respectively absolute temperature and time, AA(T, t) is the overall absorbance change, and, for each kinetic component 0 i, AAi is the absorbance change at time zero, ko0 is the preexponential, and Hi is the activation enthalpy. The number of kinetic components to be used for the fittings was determined on the basis of an F test (18 [2] by using the g(H) parameterization described elsewhere (16) .
For all fittings, the error analysis on the individual parameters was done as described elsewhere (16 (Fig. 2) . For mini-Mb the spectra strongly depend on solvent composition. In phosphate buffer, a marked red shift of the positive band in the kinetic difference spectrum is observed relative to the equilibrium situation (Fig. 2) . Furthermore, the spectrum of mini-Mb is quite similar to that of horse Mb, even though its bands are broader (Fig. 2) . A completely different picture emerges from the difference spectra of mini-Mb when 75% glycerol is present (Fig. 2) . The positive region of the spectrum appears intermediate between the static (equilibrium) and kinetic difference spectra measured in phosphate buffer, with a broad positive peak centered around 440 nm and a shoulder at ca. 432 nm. In the negative region, a broad peak centered around 410 nm is observed. Only a barely visible shoulder is present at ca. 420 nm, where the major mini-Mb-CO band is seen in phosphate buffer.
In the absence of glycerol, the difference spectra for the first three kinetic components do not show any particularly remarkable feature (Fig. 3) , all being very similar in terms of peak positions (ca. 420 nm and 440 nm) and isosbestic points (ca. 430 nm). Only component IV displays a moderate splitting of the positive band with a structure that is affected by the CO concentration (Fig. 3) . Process V in phosphate buffer has an isosbestic point at ca. 410 nm and a negative peak at ca. 420 nm. The amplitude of all five processes is affected by CO concentration (Table 1 and Fig. 3 ).
In buffer containing 75% glycerol, processes III and IV have difference spectra similar to those of the corresponding components detected in phosphate buffer alone, even though the splitting of the positive band of process IV is more pronounced in the presence of glycerol (Figs. 3a and 4a) . On the contrary, the spectroscopic properties of the second (II) and fifth (V) kinetic components are markedly influenced by the addition of glycerol, whereas not much can be said for process I in view of the poor signal-to-noise ratio. In more details, process II in glycerol/phosphate buffer displays a negative band centered at ca. 410 nm, a positive one at ca. 426 nm, and an isosbestic point at ca. 417 nm, while process V has peaks at ca. 410 nm and 424 nm and an isosbestic point at ca. 416 nm (Fig. 4b) . The features of processes II and V in buffer with 75% glycerol closely resemble those reported in the literature (19) for CO binding to the heme-water complex (Fig. 4B, dashed line) and for the replacement of water by histidine in the water-heme-CO complex (Fig. 4b , continuous line) except for a systematic shift of ca. 2 nm most likely due to a mismatch between monochromators.
Kinetic traces for the reaction ofmini-Mb with CO in buffer with 75% glycerol recorded between 40 K and 180 K could be satisfactorily approximated only with a sum of three enthalpy-distributed kinetic species (data not shown). The 
DISCUSSION
A striking feature ofthe data depicted in Fig. 1 is that as many as five kinetic components, all exponential in time, are needed to describe the absorbance changes following nanosecond-flash photolysis of carbonyl mini-Mb. To clarify the origin of such a complex situation, different measurements were performed that varied either the free ligand concentration or the solvent composition. In the absence of glycerol, the three intermediate kinetic processes (II-IV) follow bimolecular kinetics, as clearly indicated by the roughly 50%o decrease in their rate coefficients when the free CO concentration was reduced to about half (Table 1) . Therefore, they can be ascribed to ligand-binding steps. It is just as clear that the slowest process (V) is monomolecular, since its velocity is independent of free-ligand concentration ( Table 1) . The results are not conclusive for the fastest kinetic component (I) because the large error in estimates of the rate coefficients at the two CO concentrations (Table 1) does not allow one to decide if process I is monomolecular or bimolecular. A plausible explanation, consistent with these results, is that photolysis of mini-Mb-CO produces transient conformational species that rebind CO with distinct rates (processes II, III, and IV) and then slowly reconvert to the equilibrium ligated product (process V). The longer the protein stays in the ligand-free form after photolysis, the larger will be the fraction of molecules that undergo the conformational transition and, therefore, the larger will be the amplitude of process V; this interpretation is supported by the inverse relationship between the relative amplitude of process V and CO concentration (Table 1 and Fig. 3 ). The available experimental data do not provide a conclusive explanation about the nature ofthe three bimolecular processes; however, some possibilities can be considered. One is related to the exposure of hydrophobic patches of the protein to the solvent as a consequence of the removal of the two terminal segments. This situation could give rise to molecular aggregates of different size, and these in turn may account for the observed multiplicity of bimolecular processes. However, this explanation is inconsistent with the dependence on CO concentration of the amplitude of the three bimolecular processes (Table 1 and Fig. 3 ), unless we postulate the very unlikely situation in which the equilibrium between different aggregation states is altered when the CO concentration is lowered from ca. 1 mM to ca. 0.5 mM. A second interpretation is that the three bimolecular processes correspond to different conformational states either of the CO-bound structure or of the photolyzed state. This hypothesis may be tested by IR spectroscopy; however, because of its low solubility, mini-Mb cannot be obtained at the high concentrations needed for this type of investigation. The already mentioned dependence of the relative amplitude of the three bimolecular processes on CO concentration favors the second hypothesis (i.e., heterogeneity of the photolyzed state) over the first one, especially when one considers the occurrence of large structural transitions upon ligand dissociation and recombination in mini-Mb.
That changes in the ligation state are associated in mini-Mb with large conformational transitions is indicated by several lines of evidence. The a-helical content in the equilibrium deoxy derivative of mini-Mb is ca. 40%o and increases to ca. 60%o upon CO binding (9), contrary to a-helical content in Mb or isolated hemoglobin chains. EPR investigations on mini-Mb reconstituted with Co-heme show that the signal in the gi region of the deoxy spectrum is much broader for the protein freshly reconstituted under anaerobic conditions than for that obtained from the oxy derivative by treatment with dithionite (10). Fig. 2 shows that the discrepancy between the spectral properties ofhorse Mb (dashed line) and mini-Mb in phosphate buffer is much smaller when the difference spectra are reconstructed from the to absorbance changes induced by flash photolysis (continuous line with circles) and is larger when obtained by subtraction ofthe equilibrium spectra ofthe deoxy and carbonyl derivatives of the protein (continuous line without symbols). This finding shows that after nanosecond-flash photolysis, the protein does not assume the equilibrium deoxy configuration and that the photo-induced unliganded species are more similar to the equilibrium ligand-bound than to the ligand-free form. Furthermore, the data of Fig. 2 support the CD observations that mini-Mb is structurally closer to its parent protein horse-Mb in the carbonyl form than in its deoxy state. The presence of a monomolecular process (V) with a very low rate constant and an amplitude that plots inversely with CO concentration (Table 1 and Figs. 1 and 3 ) is also indicative of large ligand-linked structural transitions. Furthermore, the bands in the kinetic difference spectrum of mini-Mb are considerably broader than those in the equilibrium and horse-Mb spectra; this indicates a larger contribution of inhomogeneous broadening to the kinetic spectral bands, in keeping with a more distributed structure of the protein (16) . The red shift of the positive band in the kinetic difference spectrum ofmini-Mb, compared with that ofhorse Mb (Fig. 2) , can be attributed to the fact that the deoxy heme in the transient mini-Mb species is in a ligand-bound-like structural arrangement but also could be related to an alteration of the dielectric constant within the heme pocket. The kinetic measurements performed in 0.1 M phosphate buffer containing 75% glycerol, though considerably more complex than those in buffer alone, also point to large, ligand-linked, structural changes in mini-Mb. Three of the five processes needed for the deconvolution of the hightemperature CO-binding kinetics display peculiar features. We start with component II, which accounts for a large fraction of the total absorbance changes induced by photolysis (Fig. 4b) . Its difference spectrum is very close to that reported in Fig. 4b as a dashed line, which refers to the binding of CO to the heme-water complex detected as a transient when histidine-heme-CO is subject to photolysis (19) . Furthermore, the difference spectrum of the slowest kinetic component, obtained from the deconvolution of the CO rebinding kinetics to mini-Mb in the presence of 75% glycerol (process V in Fig. 4b) , closely resembles that observed when water is replaced by histidine as the axial ligand of a heme-CO complex (shown in Fig. 4b as a continuous  line; ref. 19) . Finally, the rate coefficient listed in Table 1 for process I in the presence of 75% glycerol is practically identical to that reported in the literature for the binding of water to the tetracoordinated heme (19) . Thus, it appears that when the conversion of mini-Mb from the ferric to the carbonyl derivative is carried out in the presence of 75% glycerol, the protein remains in a more unfolded state where photolysis induces the rupture ofboth axial heme bonds-the one with CO and that with the proximal histidine. Further support to this interpretation is given by flash-photolysis measurements at cryogenic temperatures (data not shown), since the major kinetic component obtained from the CO binding traces measured between 40 K and 180 K is characterized by an enthalpy distribution similar to that previously reported for free heme (20) .
None of the kinetic processes used for the deconvolution of the CO binding kinetics to mini-Mb in phosphate buffer indicates rupture upon photolysis of the bond between the heme and the proximal histidine. Only processes III and IV appear to be of the same nature in the presence and absence of glycerol, as can be judged from their spectral properties. In particular, process IV displays difference spectra always characterized by a splitting of the positive band, with various relative intensities of the two peaks, when the CO concentration or the solvent composition is changed (Figs. 3 and 4a) , as if it were a mixture between two interconverting species characterized by different spectra but with the same binding rate.
The scenario that we propose from the above discussion can be summarized as follows. In aqueous phosphate buffer, processes II, III, and IV represent CO binding to structural intermediates between the equilibrium CO-bound and the deoxy conformations of mini-Mb; process V is a monomolecular rearrangement of the protein, which brings it back to the CO-bound equilibrium configuration; and process I corresponds to geminate CO recombination. In the presence of 75% glycerol, the conversion of the heme from the met to the carbonyl form is accompanied by only partial refolding of the protein compared with that in buffer alone (9) , possibly because of the high viscosity of the solvent. Under these conditions, photolysis of CO from the heme-iron of only partially refolded molecules is associated with rupture of the proximal bond with His-F8 accompanied by binding of water as the proximal ligand (process I), CO combination to the heme-water complex (process II), and replacement of the proximal water by His-F8 (process V); in contrast processes III and IV refer to binding of CO to structural intermediates, analogous to those observed in the absence of glycerol.
CONCLUDING REMARKS
An important aspect of this investigation on mini-Mb is related to its similarity with the protein fragment encoded by the central exon of the Mb gene. The results reported here and those of previous investigations (9, 10) show that the central core of the Mb molecule has the features of a "conformational domain" responsible for the transmission to the whole protein of changes in the ligation state at the heme-much in keeping with the "protein-quake" model proposed by Ansari et al. (21) . However, the amplitude ofthe structural fluctuations accompanying ligand binding and dissociation to this central core is too large and renders the system kinetically ineffilcient and structurally unstable. Addition of the two terminal polypeptides (coded by exons one and three) reduces the structural degrees of freedom of the central domain, thus producing a damping effect on the amplitude of the conformational changes and largely improving the efficiency of the protein as a biochemical machinery. This interpretation implies that a critical mass is needed to achieve optimal protein function. Furthermore, in view ofthe known similarity between Mb and the Hb chains, in terms of both their overall protein fold and structure of their genes, this correlation between structure and dynamics of the protein domains may be crucial to the onset of allosteric control mediated by quaternary changes.
